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DNA methylation plays a central role during development, in several pathologies (such as cancer and psychotic disorders) and in response to a varied set of environmental conditions. [1] [2] [3] DNA methylation occurs at position 5 of cytosine in CpG dinucleotides (5-methylcytosine-guanine or 5mC). Methylation of CpG sequences modulates transcription by remodeling the organization of the chromatin and regulating the accessibility of transcription factors to the chromatin. [4] [5] [6] It can either enhance or prevent gene transcription depending on the density in methylated CpG dinucleotides and the position of these methylated sequences in the loci. 6 For instance, high levels of DNA methylation in gene bodies correlate with high levels of gene expression, whereas methylation of CpG-rich promoters is associated with gene silencing. 6 Methylation of DNA sequences can mask consensus DNA binding sites or, on the contrary, create bona fide targets for transcription factors and nuclear complexes. 4 Some transcription factors bind selectively and with very high affinity CpGrich sequences highly methylated. Other factors will bind a single methylated CpG in a specific DNA consensus sequence. In contrast, many transcription factors cannot bind to methylated DNA sequences. 7, 8 ZBTB38 (zinc finger and BTB domain-containing protein 38) is one of these methyl-CpG-sensitive factors. It has multiple zinc fingers (ZNF) C-terminus to a conserved POZ/BTB domain (broad complex, tramtrack, bric-a-brac/pox zinc finger). In vitro, ZBTB38 DNA binding domain(s) can accommodate a methyl-CpG or a thymidine with very similar affinity, indicating a bimodal interaction with the DNA molecule. [9] [10] [11] We, and others, have recently obtained important complementary information regarding the regulation and function of ZBTB38 in mammals, which may help shed light on the function of DNA methylation in cells.
ZBTB38 is an Unstable Protein Controlled by Ubiquitin and Ubiquitin-Like Modifications
Several groups showed that ZBTB38 protein is tightly regulated by the ubiquitin/ubiquitin-like network. [12] [13] [14] [15] [16] In human HeLa cancer cells, the half-life of the protein is estimated at 4 hours. 13 The stability of the protein is mainly regulated by 2 enzymes: an E3 ubiquitin ligase retinoblastoma binding protein 6 (RBBP6) and a deubiquitinase ubiquitin-specific protease 9X (USP9X). Depletion of RBBP6 causes a dramatic increase in ZBTB38 protein level. 13 Depletion of USP9X causes a massive decrease in ZBTB38 level. 12 A dissection of these interactions indicates that RBBP6 and USP9X interact with a common central domain of ZBTB38. This central region lies in between the 2 sets of zinc fingers that mediate DNA binding and does not exhibit a clear secondary structure ( Figure 1A ).
An E3 ubiquitin ligase, encoded by the herpes simples virus type-1 (HSV-1), called ICP0, also regulates ZBTB38 protein stability. 16 How ICP0 contributes to ZBTB38 regulation is not clear. ICP0 may directly interact with ZBTB38 in its central domain and trigger its polyubiquitination and degradation. It may alternatively interact with RBBP6 and USP9X and alter their function.
A proteomic approach identified another deubiquitinase, called ubiquitin-specific protease 7 (USP7), able to interact 2 
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with ZBTB38 in human cells ( Figure 1 ). 12 Intriguingly, USP7 and USP9X co-regulate several substrates in human cells, including alkylation repair homologs ALKBH2 and ALKBH3. 18 Inactivation of USP7 has no detectable effect on the abundance of ZBTB38 in unchallenged cells. 12 However, many substrates of USP7 are regulated at specific stages of the cell cycle or targeted by SUMOylation, an ubiquitin-like modification, prior to degradation. [19] [20] [21] It turns out that ZBTB38 is expressed lowly in mitosis compared with other cell cycle phases and is sumoylated in response to HSV-1 infection. 12, 16 It is thus possible that USP7 might be involved in the regulation of ZBTB38 at mitotic transitions or in response to specific environmental cues, such as HSV-1 infection.
Compelling evidence indicates that ZBTB38 abundance is finely regulated in proliferating cells but also in response to differentiation and environmental cues. It is thus tempting to speculate that the regulation of ZBTB38 half-life may help dynamically and rapidly modulate the expression of genes regulated by DNA methylation, a rather stable modification in most cell types.
ZBTB38 Exhibits 2 DNA Binding Domains Sensitive to DNA Methylation
ZBTB38 is a transcription factor characterized by an N-terminal BTB domain and an array of 10 zinc fingers ( Figure 1A ). The central zinc fingers (ZNF3-5) are homologous to the DNA binding domain of ZBTB33/KAISO and ZBTB4, 2 methylCpG-binding proteins. [9] [10] [11] 22 In vitro, ZNF3-5 can accommodate, with very similar affinity, a methyl-CpG or thymidine in a defined consensus sequence (resembling an E-box; C[ me C/T] GCCAT). 10, 11 Most ZNF proteins that bind to methyl-CpG sequences mediate the interaction, thanks to a meC-arginine-G triad. 5, 9, 11, 23, 24 The analysis of the crystal structures of KAISO/ ZBTB33 and other ZNF factors that bind to methylated DNA reveals that the arginine is in the first position preceding the histidine residues that coordinates zinc. [23] [24] [25] As anticipated, this canonical arginine is conserved in the ZBTB38 central ZNF3 and ZNF4, which mediate the main contacts with the methylated DNA sequence ( Figure 1B) .
The C-terminal zinc fingers (ZNF6-10) are also binding to DNA with high affinity, although to a different consensus sequence. 11, 22 ZNF7 is essential to bind DNA but it is not sufficient to provide sequence specificity. Intriguingly, ZNF7 binding onto methylated sequences involves an meC-lysine-G triad in vitro. 11 This suggests, at least from in vitro data, that 2 domains (ZNF3-5 and ZNF6-10) in the ZBTB38 protein bind methyl-CpG consensus sequences in vitro. It would be interesting to obtain by chromatin immunoprecipitation (ChIP) the comprehensive list of ZBTB38 binding sites in human cells to further explore the DNA sequences and chromatin marks associated with ZBTB38 in vitro and clarify the functionality of these 2 DNA binding domains in cells.
The presence of the conserved arginine or lysine in ZNFs may help catalog ZNF factors with methyl-CpG-binding capacities. To test this idea, we scanned the amino acid sequences of 49 human ZBTB proteins (Figure 2) . Overall, we observed that 38 ZBTB proteins present a ZNF with the arginine (R-ZNF; in red), 21 with the lysine (K-ZNF; in yellow), and 17 with both types of ZNFs (Figure 2 ). Consistent with our assumption, ZBTB2 and ZBTB25 that do not contain R-ZNF or K-ZNFs do not bind methyl-CpG sequences in vitro. 7 On the contrary, ZBTB33, ZBTB4, ZBTB38, ZBTB12, and ZBTB40 exhibit methyl-DNA affinity in vitro and contain at least one R-ZNF or K-ZNF. 7 Experimental data are lacking for the rest of the ZBTB factors.
Importantly, KAISO/ZBTB33 contains a single domain with R-ZNF and, accordingly, it binds a unique 6-base-pair DNA motif in vitro and in vivo. Based on our analysis, 9 ZBTB proteins, including ZBTB38 and ZBTB4, contain 2 domains with R-ZNF and/or K-ZNF fingers. These 9 ZBTB factors may recognize longer methylated DNA consensus sequences and present higher selectivity toward specific methylated DNA loci in vivo (Figure 2 ).
Functions of ZBTB38 in Gene Expression Regulation and Beyond
A function of ZBTB38 in gene expression regulation has been documented by many groups, including in murine embryonic Multiple sequence alignment of ZBTB38 zinc fingers using online service MAFFT and visualized using Jalview. 17 A conserved consensus amino acid sequence is given at the bottom of the alignment. The position of the conserved lysine/arginine amino acids in DNA binding ZNFs is indicated (red rectangle). Conserved amino acids are colored according to residue type.
de Dieuleveult and Miotto 3 stem cells (ESCs) and muscle cell progenitors. 11, 13, 15, 22, 26, 27 In human cancer cells, overexpression of full-length ZBTB38 causes the repression of a number of genes, including DNA replication/repair factor mini-chromosome maintenance 10 (MCM10). 11, 13 This repression is recapitulated by overexpression of solely the C-terminal ZNF6-10 domain and, accordingly, the promoter of MCM10 contains the DNA consensus sequence bound by ZNF6-10. 11 For other genes directly bound by ZBTB38, gene expression is either unaffected or downregulated or upregulated during knock-down of ZBTB38 by siRNAs. The function of ZBTB38 in gene expression regulation is thus complex, probably gene specific, and likely to be influenced by the presence of other transcription factors at targeted promoters.
Several chromatin remodeling complexes, transcription factors, and modifying enzymes (ZNF281, NFIC, FOXF1, HCFC1, OGT, ALX1, and ARID5B) were identified in ZBTB38 immunoprecipitates in HeLa cells. 12 These factors may work in concert with ZBTB38 at promoters in human cancer cells. A gene ontology (GO) analysis of these partners highlights an enrichment for functions in gene expression regulation but also for DNA replication and DNA repair functions ( Figure 3A ). These latter GO entries are suggestive of a direct involvement of ZBTB38 in the repair of DNA damage or in the regulation of DNA synthesis. This is in line with a previous study indicating that heightened levels of ZBTB38 cause a defective replication of the genome. 13 It was shown that overexpression of MCM10, a gene target of ZBTB38, could only partially revert these defects. It is thus possible that, in addition to MCM10 regulation, ZBTB38 regulates other DNA-related processes such as repair and replication. Further experiments will be required to elucidate whether ZBTB38 is important to recruit key DNA repair and replication factors onto the chromatin.
In murine ESCs and muscle progenitor cells, ZBTB38 (also referenced as CIBZ) regulates the expression of key developmental genes. In mouse ESCs, ZBTB38 represses the expression of Brachyury and Mesp1, 2 genes important for mesoderm differentiation, and maintains the expression of the pluripotency factor Nanog, by a yet-to-be-defined mechanism. 26, 27 Using luciferase reporter assays, it was demonstrated that the repression of Meisp1 and Brachyury requires the presence of ZNF3-5 as well as the C-terminus of ZBTB38 encompassing ZNF6-10. 27 These observations strongly suggest that both DNA binding domains of ZBTB38 as well as the methylation of the DNA may be essential to regulate Brachyury and Mesp1 in stem cells ( Figure 3B ). In C2C12 muscle progenitors, ZBTB38 binds to the hypermethylated promoter of Myogenin and contributes to its repression ( Figure 3B ). 15 Treatment with 5-azacytidine (a DNA demethylating agent) prevents the binding of ZBTB38 at the myogenin promoter concomitant with the loss of DNA methylation. However, we recently documented that ZBTB38 abundance is significantly reduced in 5-azacytidine-treated cells rendering the interpretation of these chromatin immunoprecipitation analyses challenging. 28 The implication of DNA methylation at ZBTB38 target genes remains to be further clarified which may be facilitated by the description of additional ZBTB38 target genes. There are, on the other end, already evidences in vivo that the integrity of the 2 ZNF domains is important for ZBTB38 function in cells.
The biological function of ZBTB38 remains also elusive. Depletion of ZBTB38, or its deubiquitinase USP9X, causes an accumulation of reactive oxygen species in cancer cells. 12 USP9X is believed to play an important function in ESCs and in muscle progenitor cells. 29, 30 In our proteomic analysis, we found that 17 proteins recovered in ZBTB38 immunoprecipitates were part of the "stem cell" signature (or PluriNET network). 31 This suggests that the functional interaction between USP9X and ZBTB38 documented in cancer cells may also be at play during cellular differentiation and in progenitor/stem cells. An exciting hypothesis would be that the USP9X/ ZBTB38 pathway protects ESC and progenitors from oxidative damages and fine-tunes DNA methylation during selfrenewal and differentiation of cells.
